The presence of paralytic shellfish poisoning (PSP) toxins in cultures of Aphanizomenon flos-aquae, isolated from the Crestuma-Lever reservoir, was found by reversed phase high performance liquid chromatography employing two isocratic elution systems for the separation of PSP toxins. With the first isocratic elution protocol, the presence of apolar toxins as saxitoxin, decarbamoyl saxitoxin and neosaxitoxin not detected. On the other hand, GTX4, GTX1 and GTX3 as well as Cs toxins were present either in the Aphanizomenon flos-aquae cells collected directly from the bloom or in the other toxic isolates priorly cultivated in laboratory conditions.
Introduction
Cyanobacteria, also called blue-green algae, are common and natural components of most aquatic ecosystems. Blooms of cyanobacteria are becoming prevalent in municipal water supplies, swimming areas, and aquaculture zones affected by increasing nutrient levels resulting from runoff of fertiliser livestock or human wastes. Toxic water blooms can be found in many waterbodies throughout the world which may be responsible for sporadic but repeated episodes of animal poisonings from certain municipal and recreational water supplies (Skulberg et al., 1984; Repavich et al., 1990; Sivonen et al., 1990; Edwards et al., 1992; Kotak et al., 1993; Rao et al., 1994; Fawks et al., 1994; Vasconcelos, 1994; Negri et al., 1995) . Themain toxic cyanobacterial genera include filamentous Anabaena, Aphanizomenon, Nostoc, Nodularia, Oscillatoria, and unicellular colonial Microcystis and Lyngbya (Skulberg et al., 1984; Ikawa et al., 1985; Carmichael, 1988; English et al., 1993; Negri et al., 1995; Onodera et al., 1995; Carmichael et al., 1997) .
In the past two decades public hazards and economic impacts of alga blooms appear to have increased in frequency, intensity, and geographical distribution (Alam et al., 1973; Jackim and Gentile, 1968; Mahmood and Carmichael, 1986; Onodera et al., 1996) .
Moreover, blooms of toxic cyanobacteria cannot always be prevented or controlled in water bodies, since intact cyanobacterial cells together with the associated toxins cannot be easily removed. In addition, consumption of low doses of cyanobacterial toxins in drinking water is suspected of contributing to a high rate of human disorders (for instance, microcystins are thought to be liver tumour promoters) (Falconer et al., 1983 , Nishiwaki et al., 1991 Rabergh et al., 1991; Carmichael, 1994) . In this context a relevant effort has been developed by several authors aiming to improve water treatment processes for the removal of toxins from water (Keijola et al., 1988; Watanabe et al., 1992; Kenefick et al., 1993) .
The cyanobacterial toxins that have been studied intensively to date belong to one of three groups (alcaloide neurotoxins, alkaloid hepatotoxins and hepatotoxic peptides), defined by the symptoms that they have produced in animals. Saxitoxin (STX) and neosaxitoxin (neoSTX) that were shown to be the major neurotoxins present in blooms of Aphanizomenon flos-aquae occurring occasionally in freshwaters are known to produce STX and neoSTX, toxins commonly associated to dinoflagellates (Mahmood and Carmichael, 1986) . More recently, STXs have been found in other cyanobacteria such as Anabaena circinalis, Oscillatoria mougeotti, and Lingbya wollei which produce a complex STX profile with Cs, GTXs, dcGTXs, decarbamoyl saxitoxin (dcSTX) and STX Onodera et al., 1997) . This paper deals with the presence of STXs in A. flos-aquae strains isolated by reversed phase high performance liquid chromatography (RP-HPLC) from the Crestuma-Lever reservoir in north of Portugal (Europe).
Materials and methods
The water body sampled in this study was the Crestuma-Lever reservoir, located in the lower part of the Douro River, 20 km upstream from the city of Porto, in Portugal (Fig.   1A ). The reservoir has an area of 1298 ha, a total volume of 109 million cubic metres, and a mean depth of 13 m. There are three water intake towers for drinking water, which are located 1500, 2000, and 2500 m upstream from the dam. In order to get laboratory cultures, from July to December 1996, the reservoir was monthly sampled at five station points, three of them located near the water intake towers and the other two at sheltered sites of the left bank of the reservoir.
A. flos-aquae cells obtained directly from the bloom and from the three isolates (IZAN1, IZAN2, and IZAN3) collected in the reservoir were then cultivated in Z8 medium (Skulberg et al., 1984) , in 6 l batch-culture flasks and maintained at 20 ± 1ºC, under continuous light from a cool white fluorescent lamp (60 µE/m 2 /s), and aerated at a flow rate of 2 l/h. In the five station points, from July to December 1996, we isolated three different strains. Cells were harvested after 2 weeks of continuous growth by decantation, and stored as frozen or lyophilised samples. Extraction of the samples was achieved with 0.1 M acetic acid. These extracts were evaporated to dryness and dissolved in 2 ml of 0.1 M acetic acid and the pH was adjusted to 2 with 5 M NaOH or 0.1 M HCl.
Toxicity of the cell extract (either from the bloom or from the three isolated strains) was tested by mouse bioassay by the AOAC (1990) method: 1 ml (0.3 g) of A. flos-aquae lyophilised cells was intraperitoneally injected to male Charles River mice (20-25 g).
Animals were observed for 4 h and signs of poisoning recorded.
Toxin separation was done by an RP-HPLC method (Franco and Fernández-Vila, 1993) .
Two isocratic elutions were used. In the first, for separation of carbamate toxins, neoSTX, dcSTX and STX, the elution was with 1.5 mM octanesulfonate in 10 mM ammonium phosphate buffer (pH 7.2) plus 6% acetonitrile. The second system for GTX toxin separation was with 2 mM octanesulfonate in 10 mM ammonium phosphate buffer (pH 7.0), at 0.8 ml/min, in both systems. Detection was fluorimetric using a postcolumn oxidation.
Estimation of toxin concentrations in the Aphanizomenon cell extracts was achieved by the integration of the peak areas corresponding to toxins detected by the RP-HPLC system and comparing them with known concentrations of an STX standard and a quantified extract of a culture of the marine dinoflagellate Alexandrium minutum (Al 1V). The standard of GTXs (GTX1-4) was supplied by the National Research Council Canada (NRCC, 1999) and a secondary standard from purified extracts of Alexandrium minutum cultures, strain Al 1V calibrated with the NRCC standard of GTXs. The standards of dcSTX, STX, and neoSTX used for identification and quantification of these toxins were supplied by the project EUR 18318 of the European Commission.
Results and discussion
The A. flos-aquae cells used in this study were found at four of the five points sampled, but only two strains, IZAN1 and IZAN2, and the cells collected directly from the bloom were toxic. From July to December we observed a seasonal variation in the cyanobacterial community in the studied reservoir (Table 1) . From July to August, A.
flos-aquae was the only cyanobacterial species found in the phytoplankton samples. In September and October apart from A. flos-aquae, Microcystis aeruginosa was also found. In November, only M. aeruginosa was found, while in December none of these two cyanobacterial species were observed. No thermal stratification is observed in the Crestuma-Lever impoundment throughout the year. This probably contributes to the lack of phytoplancton stratification and may increase the possibility of Aphanizomenon cells and paralytic shellfish poisoning (PSP) toxins reaching the intake lines.
The external symptoms observed in the mouse bioassays were ascendant paralysis, lack of any involuntary reaction, pale ears, exophthalmus and death in 8-15 min. Concerning the internal symptoms, only a pooling of blood was recorded. It has to be emphasised that these symptoms differed from those referred to in the available literature as being characteristics of the PSP toxins, mainly the ascendant paralysis symptom (Mahmood and Carmichael, 1986; Humpage et al., 1994) .
From the HPLC analysis the following details can be observed: in the first isocratic system the presence of apolar toxin was not detected ( Fig. 2A-C) . Analysing GTXs distribution and comparing it with the second isocratic system, the standard Al1V and the corresponding acid treatment, four peaks can be seen: the first, second, and third peaks corresponding to GTX4, GTX1, and GTX3, respectively (Fig. 2D-F) . The almost total disappearance of the first peak (Fig. 2E) as shown in Fig. 2F , indicates the presence of Cs toxins. Although we isolated A. flos-aquae directly from the bloom and from the toxic isolates (cultivated in laboratory), the toxin profiles were similar.
The estimated toxin concentrations in the Aphanizomenon samples (Table 2) for GTX4, GTX1, and GTX3 were 14.1, 3.6, and 0.5 µg/g (dry weight), respectively; the amount of GTX4 corresponding approximately to 4.7 µg STX equivalents/g (Oshima, 1995) .
Given that shellfish containing more than 0.8 µg STX equivalents/g (wet weight) of meat (Falconer, 1993) are considered unfit for human consumption, 4.7 µg STX equivalents/g (dry weight) of Aphanizomenon cellular extracts are more than sufficient to be the primary cause of death in mice.
These results are consistent with the qualitative and quantitative analysis of STXs found in A. circinalis and in L. wollei Onodera et al., 1997) .
For many years A. flos-aquae was thought to be the only cyanobacterial species producing these toxins. The recent finding that A. circinalis in Australia also produces these toxins (Onodera et al., 1997) , may be an indication that PSP toxins could be produced by other cyanobacteria. In Portugal, although cyanobacterial neurotoxins are not as common as hepatotoxins, namely microcystins (Araújo, 1995) , further research work is needed on this matter in order to monitor and control their presence in water supplies. (Falconer, 1993) .
